Introduction {#S0001}
============

Viral infections and the emergence of new strains resistant to therapeutic treatments are a significant global health challenge.[@CIT0001] Influenza A viruses (IAVs) are responsible for serious health threats worldwide and have considerable socioeconomic impacts.[@CIT0002]--[@CIT0004] The highly pathogenic avian influenza virus (H5N1) can be transmitted to humans and an increased rate of infections is observed.[@CIT0005] Combating IAVs is one of the major challenges to date, as they have high genetic variability, and new strains of viruses appear[@CIT0006] that are resistant to available vaccines and drug inhibitors.[@CIT0007]--[@CIT0010] Thus, new antiviral agents to prevent such medical threats that are safe and affordable are urgently needed. An ideal antiviral drug would have the following characteristics: broad spectrum, minimum toxicity, and a virucidal mechanism during the activity against various viruses.[@CIT0011]

Nanomedicine is a rapidly expanding interdisciplinary branch of medicine in which nanotechnology is used to create nanostructures to carry targeted and controlled release nanodrugs.[@CIT0012] The use of nanomaterials to inhibit viral diseases through direct interaction of the nanoparticles and viruses was reported previously.[@CIT0001],[@CIT0013],[@CIT0014] The antiviral effect is enhanced by the specific physicochemical properties of the used nanomaterials: small size, high surface area, surface modification. Examples are silver,[@CIT0015],[@CIT0016] copper iodide,[@CIT0017] graphene oxide,[@CIT0018] gold,[@CIT0019]--[@CIT0021] and polymers, such as glycan.[@CIT0022] Because of their ability to encapsulate drugs with large payloads, the opportunity opens for developing promising antiviral nanoformulations as drug delivery systems, thus reducing negative side effects.[@CIT0023]--[@CIT0025] Among the explored nanomaterials, modified silica nanoparticles have recently attracted much attention as antiviral agents.[@CIT0026]--[@CIT0028]

In the present study, we tested the antiviral effect of mesoporous silica nanoparticles (MSNs), ie nanoporous silica spheres 100--200 nm in diameter with pores loaded with natural prodrugs. The particle size is comparable to virus size, and therefore their efficient attachment to viruses is expected. MSNs have been studied as a versatile drug delivery vehicle in in vitro and in vivo studies for various diseases.[@CIT0029]--[@CIT0033] They can be administered via injection (intravenous, hypodermic, or intramuscular) or orally and are eliminated through the urine and feces.[@CIT0034] MSNs have been used to enhance the solubility, targeting ability, and therapeutic activity with a combination of two or more drugs for dual therapeutic efficiency. Recently, the FDA classified silica as Generally Recognized as Safe (GRAS), allowing it to be used in cosmetics and food additives.[@CIT0035] The rationally tailored delivery system for antiviral drugs must consider the cytotoxicity of the used materials. MSNs are biocompatible and considered as non-toxic[@CIT0036] compared to other nanomaterials employed as antimicrobial agents. For example, silver nanoparticles exhibit considerable cytotoxic effects, even at low concentrations.[@CIT0037]

In this study, we employed MSNs as a nanostructured targeted carrier of antiviral prodrug compounds shikimic acid (SH) or quercetin (QR) (as schematically shown in [Figure 1H](#F0001){ref-type="fig"}). A novel nanoformulation against the highly pathogenic influenza virus H5N1 was developed. We chose these natural compounds due to their safety profiles, low cost, and small size. SH was selected because it is used as a precursor in the production of oseltamivir, commercially known as Tamiflu[@CIT0038],[@CIT0039] and other pharmaceutical agents. It is a precursor for several pharmaceutical compounds, including anti-pyretic, anti-oxidants, anti-coagulants, anti-thrombotic, anti-cancer, anti-inflammatory, etc. Thus, it is promising to investigate the possibility to apply nanoformulations loaded with SH as DDS against H5N1 virus. QR was selected due to its inhibition of influenza viruses.[@CIT0040],[@CIT0041] It has shown many pharmacological impacts in vitro and in vivo as one of the strongest anti-oxidant compounds.Figure 1Morphological structure, size measurements, and schematic representation of preparation steps.**Notes**: TEM image of nanoparticles (**A**), SEM image of nanoparticles (**B**), NTA analysis of particle size (**C, D, E, F, G**), and schematic representation of the synthesis method for every stage (**H**).First, the nanoparticles were synthesized, then modified with amino groups (-NH~2~) via a post-synthesis method. Next, prodrugs were loaded onto modified nanoparticles to obtain nanoformulations. For combined nanoformulations, we used MSNs-NH~2~-SH as the starting material to load quercetin, and the resulting nanoformulation was MSNs-NH~2~-SH-QR1.**Abbreviations**: TEM, transmission electron microscopy; SEM, scanning electron microscopy; MSNs, mesoporous silica nanoparticles; MSNs-NH~2~, MSNs modified amino groups; MSNs-NH~2~-SH, MSNs-NH~2~ loaded SH; MSNs-NH~2~-QR, MSNs-NH~2~ loaded QR; MSNs-NH~2~-SH-QR1, MSNs-NH~2~ loaded SH and QR; SH, shikimic acid; QR, quercetin.

Several studies have shown that secretion of pro-inflammatory immunomodulators, such as cytokines interleukin (IL)-1β, tumor necrosis factor-alpha (TNF-α), and nitric oxide (NO) free radicals, increases considerably during influenza infections. These pro-inflammatory mediators play a crucial role in the regulation of the innate and adaptive immune systems.[@CIT0042]--[@CIT0046] Within this context, the proper anti-inflammatory milieu is a key factor in counteracting viral infection.[@CIT0047] Thus, there is a need to modulate the inflammatory immune response and virucidal activity of H5N1 viruses. Therefore, we evaluated also the immunoregulatory and anti-inflammatory effect of the proposed prodrug-loaded MSNs. Combining antiviral and anti-inflammatory effects may have a positive impact on treating influenza viruses.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

The list of all used materials is given in the [[supplementary information](https://www.dovepress.com/get_supplementary_file.php?f=247692.pdf)]{.ul}.

### Synthesis and Surface Modification of Mesoporous Silica Nanoparticles -- MSNs {#S0002-S2001-S3001}

The MSNs were prepared using the biphasic stratification method recently reported by Shen et al[@CIT0048] with minor modifications. The detailed steps of the procedure are given in the [[supplementary information](https://www.dovepress.com/get_supplementary_file.php?f=247692.pdf)]{.ul}. To functionalize the MSNs with amino groups, the reaction of aminopropyl groups of APTES molecules with their silanol groups by post-synthesis method were followed. The procedure was similar to that described elsewhere,[@CIT0049] and the resulting nanoparticles were denoted as MSNs-NH~2~.

### Preparation of Drug-Loaded Nanoformulations {#S0002-S2001-S3002}

The prodrugs were loaded into the MSNs nanopores based on the solvent evaporation method, in which they were dissolved using a mixture solvent (ethanol/DMSO/acetone 1:1:5). The loading ratio between the silica nanoparticles to prodrug was 1:3.

For loading QR into the modified nanoparticles, the following procedure was used: 300 mg of MSN-NH~2~ powder was added to the solvent containing 100 mg of QR (Sigma-Aldrich) and stirred for 24 h at room temperature. The solvent was subsequently evaporated at 50°C using the Rotavapor (Büchi, Switzerland), re-suspended in ultra-pure water to remove unloaded molecules, and dried at 40°C for 12 h in an oven. The evaporation and re-suspension were repeated several times. The resulting product was denoted as MSNs-NH~2~-QR nanoformulation.

For loading SH into MSNs-NH~2~, the following procedure was used: 300 mg of powder MSNs-NH~2~ was added to the prepared solvent containing 100 mg of SH, and then EDC and NHS cross-linking were added to the mixture solution and stirred for 24 h at room temperature. The solvent was evaporated at 50°C using the Rotavapor (Büchi, Switzerland), and then re-suspended in ultra-pure water to remove unloaded molecules. This was repeated several times. After drying at 40°C for 12 h in an oven, the resulting product was denoted as MSNs-NH~2~-SH nanoformulation.

To prepare a combined nanoformulation, the procedure for loading with SH was performed first, followed by the procedure for loading with QR. The resulting product was denoted as MSNs-NH~2~-SH-QR1 nanoformulation. The used materials are summarized in [Table 1](#T0001){ref-type="table"}.Table 1Samples Used in the StudyCode of SampleCharacteristicProdrug UsedProdrug Loading (%)TypeMSNsNoNoNanoparticles (NPs)MSNs-NH~2~NoNoModified nanoparticle (amino-modified NPs)MSNs-NH~2~-SHShikimic acid3%NanoformulationMSNs-NH~2~-QRQuercetin22.4%NanoformulationMSNs-NH~2~-SH-QR1Shikimic acid and quercetin24.4%Combined nanoformulationMSNs-NH~2~-SH-QR2shikimic acid and quercetin24.4%Combined nanoformulation. Twice higher nanoparticle concentration than for MSNs-NH2-SH-QR1SHShikimic acidNot relevantProdrugQRQuercetinNot relevantProdrugSH/QR mix.1Simple mixtureNot relevantMixed prodrugsSH/QR mix.2Simple mixtureNot relevantMixed prodrugs[^2][^3]

### Estimation of Prodrug Concentration {#S0002-S2001-S3003}

The amount of prodrug in nanoformulations was determined by simultaneous thermal analysis (STA) via weight loss analysis. The STA results for the modified materials before and after loading were compared. The calculated percent of each prodrug in a nanoformulation is listed in [Table 1](#T0001){ref-type="table"}. Hereafter, when the concentration of prodrug given in a nanoformulation is mentioned, it is the equivalent amount of prodrug used to prepare the desired concentration based on the calculated amount of each drug loaded into nanoparticles. The following equations were used to calculate the loading content based on the weight loss data from the thermogravimetric analysis: SH wt.%= MSNs-NH~2~-SH -- MSNs-NH~2~\*100; QR wt.% = MSNs-NH~2~-QR -- MSNs-NH2\*100; and SH-QR wt.% = MSNs-NH~2~-SH-QR -- MSNs-NH~2~\*100. Knowing the drug loading content, we prepared the concentration from nanoformulations equal to the concentration of free prodrugs.

In the case of nanoformulations, the effective prodrug concentration was estimated as the equivalent amount of drug (µg/mL) in the nanoformulation from the related-loading percent for each prodrug or in combination to prepare the stock solution(s). In the case of pure prodrugs, the calculated amount was immediately weighed, and stock solution(s) prepared. Mix 1 and mix 2 were prepared by simply mixing the weighed amount of each drug in one solution under stirring to obtain a stock solution. We calculated also the molar concentration, which is listed in [[Tables S1](https://www.dovepress.com/get_supplementary_file.php?f=247692.pdf)]{.ul} and [[S2](https://www.dovepress.com/get_supplementary_file.php?f=247692.pdf)]{.ul}. These concentrations are calculated based on the used µg/mL throughout the experiments.

Material Characterization Techniques {#S0002-S2002}
------------------------------------

The images of prepared MSNs were observed by High Resolution Transmission Electron Microscope, HR-TEM (JEM 2100, JEOL, Tokyo, Japan), Field Emission Scanning Electron Microscope, FE-SEM (FE-SEM; Ultra Plus, Zeiss, Jena, Germany). The elemental analysis was acquired using the QUANTAX EDS (Bruker, Billerica, MA, USA)-connected to FE-SEM. The sputtering of the samples for FE-SEM imagining was performed on sputter coater (Bal-Tech SCD 005) and/or (Q150T ES, Quorum Technologies Ltd, East Sussex, UK). The powder X-ray diffraction (X'PertPRO System, PANalytical, Marietta, GA, USA) was employed for XRD patterns. The surface area and volume properties were characterized using Gemini 2360, Micromeritics, Norcross, GA, USA. FTIR spectra were performed using a Fourier transformed infrared (FTIR) spectroscopy (Bruker Optics, Billerica, MA, USA) equipped with an Attenuated Total Reflectance (ATR, model Platinum ATR-Einheit A 255). Simultaneous Thermal Analysis (STA)-coupled with Differential Scanning Calorimetry (DSC)-connected with FTIR analysis (STA 499 F1Jupiter, NETZSCH-Feinmahltechnik GmbH, Selb, Germany) was used to determine the drug loading, crystalline state and evolved gases from the heating samples. The zeta potential (Malvern ZetaSizer, Malvern, UK) was performed to determine the type of charges on the nanoparticles in prepared suspensions. The particle size distributions were done by nanoparticle tracking analysis (NTA) with the NanoSight instrument (NS500, NanoSight, UK).

### Cells and Virus Used in the Study {#S0002-S2002-S3001}

Madin Darby Canine kidney (MDCK) cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, penicillin (100 U/mL), and streptomycin (0.1 mg/mL) and incubated at 37°C in a humidified atmosphere of 5% CO~2~. The MDCK cells were kindly provided by Dr. Richard Webby (St. Jude Children's Research Hospital, department of virology and molecular biology, USA). Using of cell lines had ethical approval from the ethical committee at NRC, Egypt. It was supplied as a confluent sheet in a 75 cm^2^ tissue culture flask. These cells were propagated till confluence for several passages, harvested in aliquots, and then stored in liquid nitrogen till being used. An avian influenza A/duck/Egypt/Q4596D/2012 (H5N1) virus was propagated in MDCK cells and stored at −80°C for further investigation. All experiments involving viruses were performed under Biosafety Level 3 conditions (Germfree, USA).

### Biocompatibility and Cytotoxicity Evaluation {#S0002-S2002-S3002}

To evaluate the in vitro cell viability of the prepared nanocarriers, the MTT assay was employed according to Mosmann.[@CIT0050] Various concentrations of MSNs and MSNs-NH~2~(up to 750 μg/mL) were suspended in PBS buffer. The MDCK cells (1.0 x10^4^ per well) were seeded in 96-well plates in DMEM medium. After 24 h to allow the attachment of cells under optimum conditions of 5% CO~2~ and 37°C, the DMEM was aspirated from each well and the MDCK cells washed with PBS (pH 7.4). Predetermined nanoparticle concentrations were added to cells in triplicate and incubated for 24 h. The medium was then removed and the monolayer of cells washed with PBS three times before adding MTT solution (20 µL of 5 mg/mL stock solution) to each well and incubating at 37°C for 4 h. Formazan crystals were dissolved with 200 µL of dimethyl sulfoxide (DMSO) and the absorbance measured at λ max 540 nm using an ELIZA Microplate Reader. Finally, cytotoxicity percentages for MSNs and MSNs-NH~2~were calculated.

### Biological Infectivity Assay {#S0002-S2002-S3003}

In a 12-well tissue culture plate, MDCK cells were pre-treated with 100 µL of DMEM supplemented with 0.2% bovine serum albumin. The cells were infected at 0.1multiplicity of infection (MOI) of an A/duck/Egypt/Q4596D/2012 (H5N1) virus for 1 h at 37ºC. Culture medium (500 µL) containing the safe concentration of each tested sample was added to each well: 50 µg/mL for MSNs and MSNs-NH~2~; equivalent to 75 µg/mL of prodrug for MSNs-NH~2~-SH, MSNs-NH~2~-QR, MSNs-NH~2~-SH-QR1; and75 µg/mL for SH, QR, and mixed pure prodrugs. In the preliminary pre-screening results, the combined nanoformulation MSNs-NH~2~-SH-QR1 did not attenuate the virus. Therefore, we twice increased the concentration of MSNs-NH~2~-SH-QR1 as equivalent to 150 µg/mL of prodrug inside and labeled it MSNs-NH~2~-SH-QR2. Plates were incubated at 37ºC with 5% CO~2~ for 24 h and 48 h post infection. Untreated virus was included in each plate as a control. Virus titration was assessed by measuring haemagglutinin in titers in the supernatant of infected cells in the presence and absence of tested compounds at 24 and 48 h post infection (hpi). Briefly, 50 μL of PBS was aliquoted across a 96-well U-shaped plate (Greiner Bio-One, Germany). Next, 50 μL from infected cells was added to the first well and two-fold serial dilutions performed across the plate. Finally, 50 μL of 0.5% chicken RBCs was added to all wells and the plate was shaken to ensure mixing. The plate was incubated for 30 min at room temperature before examining HA titer. The HA titer of the virus was calculated as the reciprocal of the highest dilution of virus that caused complete agglutination of chicken RBCs. Negative results (no agglutination) appeared as dots in the center of round-bottom plates. To calculate, the percentage of hemagglutination titer inhibition = hemagglutination titer of virus control untreated -- hemagglutination titer of treated virus/hemagglutination titer of virus control untreated x 100.

To confirm the obtained results from biological assay, the new preparation of tested compounds was tested against H5N1 virus at different MOI (0.01,0.001, and 0.0001). The cells in 96-well tissue culture plate were infected with 100 µL at different MOI of an A/duck/Egypt/Q4596D/2012 (H5N1) virus for 1 h at 37ºC. During incubation, in a 96-well U-shaped plate, serial dilutions of tested compounds were prepared in DMEM supplemented with 0.2% bovine serum albumin. Next, a volume of 100 µL of each dilution was added to infected cells and incubated for 24 h post infection at a humidified incubator at 37°C. We identified the lowest dilution of tested compound that resulted in 100% inhibition of the virus detection by HA assay.

### Plaque Reduction Assay and Mechanisms of Action {#S0002-S2002-S3004}

The antiviral activities of tested compounds were also determined by plaque reduction assay.[@CIT0051],[@CIT0052] Briefly, MDCK cells were seeded in 6-well culture plates (10^5^ cells/mL) and incubated for 24 h at 37°C in 5% CO~2~. Previously titrated H5N1 virus (46\*10^6^PFU/mL) was diluted to optimal virus dilution, which gave countable plaques, and mixed with the safe concentration (for MDCK) of each tested material. The virus was incubated for 1 h at 37°C before being added to cells. Growth medium was removed from the 6-well cell culture plates and virus-compound mixtures inoculated in duplicate. After 1 h contact time for virus adsorption, 3 mL of DMEM supplemented with 2% agarose, 1% antibiotic antimycotic mixture, and 4% bovine serum albumin (BSA, Sigma) was added to the cell monolayer. The plates were left to solidify and incubated at 37°C until the formation of viral plaques (3 days). Formalin (10%) was added to each well for 1 h and the overlayer removed. Fixed cells were stained with 0.1% crystal violet in distilled water. Untreated virus was included in each plate as a control. Finally, plaques were counted and the percentage reduction in virus count recorded as follows:

\% inhibition= viral count (untreated) -- viral count (treated)/viral count (untreated) x 100

To estimate the concentration that inhibits 50% (IC50) of PFU for the H5N1 virus, we performed a plaque reduction assay with different equivalent concentrations of prodrug(s) as follows: 10, 25, 50, and 75 µg/mL for MSNs-NH2-SH, and 20, 50, 100, and 150 µg/mL for MSNs-NH2-SH-QR2.

The mechanism of viral replication was assayed according to Kuo et al.[@CIT0053] MDCK cells were cultivated in a 6-well plate (10^5^ cell/sml) for 24 h at 37°C. Virus was applied directly to the cells (100 µL of optimal virus dilution (10^−4^)) and incubated for 1 hat 37°C. Non-adsorbed viral particles were removed by washing cells three successive times with supplement-free medium. The nanoformulations (MSNs-NH~2~-SH and MSNs-NH~2~-SH-QR2) were added, and after 1 h contact time 3 mL of DMEM supplemented with 2% agarose was added to the cell monolayer. Plates were left to solidify and incubated at 37°C until the appearance of viral plaques. Cell monolayers were fixed in 10% formalin solution for 1 h and stained with crystal violet. Virus control wells including infected MDCK cells without treatment were included in each plate. Plaques were counted and the percentage reduction in plaque formation compared to the virus control wells.

The viral adsorption mechanism was assayed according to Zhang et al[@CIT0054] with minor modifications. MDCK cells were cultivated in a 6-well plate (10^5^ cells/mL) for 24 h at 37°C. Each examined nanoformulation was applied in 200 µL medium without supplements and co-incubated with the cells for 2 hat 4°C. Non-absorbed nanoformulation particles were removed by washing cells three successive times with supplement-free medium, the diluted H5N1 virus was co-incubated with the pretreated cells for 1 h, and then 3 mL DMEM supplemented with 2% agarose was added. Plates were left to solidify and then incubated at 37°C to allow the formation of viral plaques. The plaques were fixed and stained as described above to calculate the percentage reduction in plaque formation compared to virus control wells, which comprised untreated MDCK cells directly infected with H5N1.

The virucidal mechanism was assayed according to Schuhmacher et al.[@CIT0055] In a 6-well plate, MDCK cells were cultivated (10^5^ cells/mL) for 24 h at 37°C. A total volume of 200 µL of serum-free DMEM containing 100 µL of the optimal H5N1 virus dilution and 100 µL of tested compounds was mixed. After 1 h incubation at room temperature, the mixture was added to pre-washed MDCK cell monolayer. After 1 h contact time, a DMEM overlayer was added to the cell monolayer. Plates were left to solidify and incubated at 37°C to allow the formation of viral plaques. The plaques were fixed and stained as described above to calculate the percentage reduction in plaque formation. This value was compared to virus control wells comprising cells infected with virus that was not pretreated with the tested material.

### Isolation and Culture of Splenocytes {#S0002-S2002-S3005}

Splenocytes were isolated from male Swiss albino mice (8--12 weeks old) obtained from the Animal House Colony of the National Research Centre, Cairo, Egypt. Briefly, mice were euthanized by cervical dislocation; their spleens were excised and gently homogenized to obtain single-cell splenocyte suspensions using RPMI-1640 media supplemented with 10% (v/v) heat-inactivated, fetal calf serum (FCS) 1000 U/mL penicillin and 1000 μg/mL streptomycin (complete medium). Red blood cells were lysed by re-suspending spleen cells in ammonium chloride-lysis buffer (144 mM ammonium chloride, 17 mM Tris, pH 7.2) and incubating on ice for 10 min. Splenocytes were washed twice with phosphate-buffered saline (PBS) and then re-suspended in complete medium.

### Cell Viability and Proliferation Assay {#S0002-S2002-S3006}

The effect of prepared materials on splenocyte viability and proliferation in response to a T cell mitogen (phytohemagglutinin; PHA) was evaluated using the MTT assay.[@CIT0056] Freshly prepared splenocytes (2 × 10^5^ cells/200µL/well) were cultured in a 96-well U-bottom microtiter plate (Nunc) in complete medium. Cells were treated in the presence or absence of a final concentration of 25, 50, or100 µg/mL of nanoparticles, equivalent prodrug concentration in nanoformulations, or pure prodrugs alone or mixed (using 0.5% DMSO) in triplicate, and then incubated at 37°C in a 5% CO~2~ atmosphere.

To test the immunoregulatory effects on splenocyte stimulation, PHA (5µg/mL) was added to the culture media to induce T cell proliferation for 24 h. Nanoparticles, prodrugs alone or mixed, and an equivalent amount of drug in nanoformulation were added at 25 µg/mL. The proliferative response to PHA+MSNs and MSNs alone served as controls. After 72 h, the cells were pelleted and the media removed by centrifugation. MTT salt solution (5 mg/mL) was added to each well and incubated at 37°C for 4 h. Formazan crystals were dissolved by adding 100 µL 10% SDS before measuring absorbance at 570 nm in a spectrophotometer using a reference wavelength of 690 nm. Cell viability was expressed using the following formula with optical density (OD):

\% of viable cells= (OD of test samples/OD of MSNs) x 100

The splenocyte stimulation index was determined as the ratio of OD values in test samples versus PHA+MSNs control.

### Isolation of Peritoneal Macrophages {#S0002-S2002-S3007}

Mice were sacrificed by cervical dislocation and the abdominal cavity lavaged aseptically with 5 mL RPMI1640 medium. The peritoneal cavity was then gently massaged and the media aspirated. Cells were precipitated by centrifugation and re-suspended in RPMI1640 medium containing 10% FCS and considered peritoneal macrophages.[@CIT0057]

### Nitric Oxide and Cytokine Measurements {#S0002-S2002-S3008}

To assess the immunomodulatory effect in vitro, we stimulated the mouse intraperitoneal macrophages with lipopolysaccharide (LPS), an outer membrane compound in Gram-negative bacteria that promotes the activation and cell differentiation of macrophages upon exposure.[@CIT0058],[@CIT0059] Activation by LPS resulted in increased production of pro-inflammatory factors, such as cytokines (TNF-α and IL-1β) and NO.[@CIT0060] Peritoneal macrophage cell suspensions (1 ×10^5^ cells/200 μL) were plated in 96-well microplates. The cells were treated in the presence or absence of 25µg/mL of prodrugs, MSNs, MSNs-NH~2~, or equivalent amount of prodrug in nanoformulations (0.5% DMSO) in triplicate for 4 h before the addition of 1µg/mL LPS from *E. coli* strain 0111:B4. After 24 h incubation, cell culture supernatants were collected to evaluate NO and cytokine levels. The production of NO in the supernatant was determined by measuring the quantity of nitrite by the Griess reaction,[@CIT0061] and TNF-α and IL-1β were detected by enzyme-linked immune sorbent assay (ELISA) according to the manufacturer's instructions.

### Anti-Inflammatory Activity Screening {#S0002-S2002-S3009}

Anti-inflammatory activity was determined in vivo using the acute carrageenan-induced paw edema rat model[@CIT0062] characterized by acute accumulation of fluids and hyperalgesia in the paw-following carrageenan administration. This model allows the anti-inflammatory potential to be assessed by quantifying changes in the size of the paw edema. The inflammation induced by carrageenan injection into animals is thought to have a biphasic process. In the early stage, histamine and serotonin are produced at high levels, peaking at 3 h with the release of kinin-like compounds. In the late stage, prostaglandins, proteases, and lysozymes are produced.[@CIT0063] Male Wistar rats weighing 150--180 g were obtained from the Animal House Colony of the National Research Centre (Cairo, Egypt) and housed under standardized conditions (room temperature 23±2°C; relative humidity 55±5%; 12 h light/dark cycle) with free access to tap water and standard mouse chow throughout the whole experimental period. The rats were divided into five groups of six animals each. All experimental protocols were performed in accordance with the recommendations for the proper care and use of laboratory animals following the regulations of the ethical committee of the National Research Centre (Protocol number: 16156). MSNs-NH2, MSNs-NH2-SH-QR2, SH-QR mix 2, and indomethacin were dissolved in saline at 10 mg/kg and given intraperitoneally 2 h before induction of inflammation. Carrageenan paw edema was induced by subcutaneous injection of a freshly prepared 1% carrageenan solution into the subplantar tissue of the right hind paw. The thickness of the paw was measured using a digital caliper at 1, 4, and 24 h and compared to the initial hind paw thickness of each rat to determine the edema thickness.

### Statistical Analysis {#S0002-S2002-S3010}

Data are expressed means ± SD of triplicates, one-way ANOVA with post hoc Fisher's least significant difference test LSD and p \< 0.05 was considered significant difference.

Results and Discussion {#S0003}
======================

Morphological and Elemental Analysis of MSNs and Nanoformulations {#S0003-S2001}
-----------------------------------------------------------------

The structures of the nanoparticles were in good agreement with those reported in a previous study.[@CIT0048] HR-TEM and FE-SEM images ([Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}) showed that the MSNs were well dispersed and had uniform nearly spherical shapes with an average diameter of \~100 nm. EDS analysis ([[Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=247692.pdf)]{.ul}) confirmed the elemental content of all prepared materials. The prodrugs were organic carbon-containing compounds; therefore, the carbon percentage is a good indicator of their loading into MSNs. The carbon content changed from 5.9 wt.% for the MSNs to 15.1wt.% for MSNs-NH~2~, 15.4 wt.% for MSNs-NH~2~-SH, 20.6wt.% for MSNs-NH~2~-QR1, and 21.5 wt.% for MSNs-NH~2~-SH-QR2 ([[Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=247692.pdf)]{.ul} and [Table 2](#T0002){ref-type="table"}). This observation reveals the successful loading of prodrugs into MSNs particles.Table 2Physico-Chemical Characteristics of Nanoparticles, Modified Nanoparticles, Nanoformulations, and Combined NanoformulationsSampleS~BET~ (m^2^/g)Pore Volume^a^ (cm^3^/g)Mean size Distribution^b^(nm)Elemental Analysis^c^Loading Content (wt.%)^d^C%N%MSNs4001.29230 ± 15.25.89----MSNs-NH~2~71.20.95174 ± 4.615.062.93-MSNs-NH~2~-SH64.80.63211 ± 19.615.362.953MSNs-NH~2~-QR13.20.36145 ± 6.120.592.4322.4MSNs-NH~2~-SH-QR12.10.27236 ± 18.821.462.2124.4[^4][^5]

Nanoparticle Tracking Analysis (NTA) {#S0003-S2002}
------------------------------------

The mean size was 118 nm (MSNs), 116 nm (MSNs-NH~2~), 77 nm (MSNs-NH~2~-SH), 136 nm (MSNs-NH~2~-QR), and 149 nm (MSNs-NH~2~-SH-QR1) ([Figure 1C](#F0001){ref-type="fig"}--[G](#F0001){ref-type="fig"} and [Table 2](#T0002){ref-type="table"}). For MSNs-NH~2~-SH-QR2, the only difference was twice the amount of MSNs-NH~2~-SH-QR1 and, therefore, it is not mentioned in characterizations. The reduction in size for MSNs-NH~2~-SH is an unexpected observation but could be due to some surface reactions. As expected, the size of MSNs-NH~2~ gradually increased after loading, which may indicate some segregation of the prodrug on the surface or be due to low drug loading.

Nitrogen Sorption Measurements {#S0003-S2003}
------------------------------

As expected, loading of prodrugs was accompanied by a reduction in the specific surface area because the nanopores are filled with prodrug molecules ([Table 2](#T0002){ref-type="table"}). The high specific surface (400m^2^/g) of MSNs was reduced to 71.2 m^2^/g (MSNs-NH~2~), 64.8 m^2^/g (MSNs-NH~2~-SH),13.2 m^2^/g (MSNs-NH~2~-QR), and 12.1 m^2^/g for (MSNs-NH~2~-SH-QR). Both surface modification and loading of drugs on MSNs reduced the surface area and pore volume characteristics as reported previously in several studies.[@CIT0049],[@CIT0064]-[@CIT0067]

XRD and DSC Analysis {#S0003-S2004}
--------------------

In the case of prodrugs loaded in the nanopores of amorphous silica, one would expect them to take on an amorphous structure similar to the host. For molecules on the surface, without constraint of the host material, they may take on a crystalline structure. As seen from the XRD patterns ([Figure 2A](#F0002){ref-type="fig"}), after loading of SH on MSNs, no peaks corresponding to SH were detected, which may indicate low loading of this prodrug. In contrast, several small peaks were detected for the loading of QR alone or in combination, which may indicate that some QR molecules remain on the exterior surface of the nanoparticles and crystalize. As the detected peaks are small, it seems that only a negligible amount of prodrug crystalized on the MSN surface. The simple physical mixing of prodrugs and MSNs resulted in high-intensity peaks corresponding to prodrugs not embedded in the nanopores.Figure 2XRD and DSC measurements.**Notes:** XRD patterns of all prepared materials. Starting from the bottom: nanoparticles, modified nanoparticles, nanoformulations, combined nanoformulations, and pure prodrugs (**A**).DSC spectra obtained for materials. Starting from the bottom: nanoparticles, modified nanoparticles, nanoformulations, combined nanoformulations, and pure prodrugs (**B**).**Abbreviations:** XRD, X-ray powder diffraction; DSC, differential scanning calorimetry analysis; P.M. 2--3D -- SH-QR is a physical mixture of prodrugs and MSNs; MSNs, mesoporous silica nanoparticles; MSNs-NH~2~, MSNs modified amino groups; MSNs-NH~2~-SH, MSNs-NH~2~ loaded SH; MSNs-NH~2~-QR, MSNs-NH~2~ loaded QR; MSNs-NH~2~-SH-QR, MSNs-NH~2~ loaded SH and QR; SH, shikimic acid; QR, quercetin.

The DSC plots ([Figure 2B](#F0002){ref-type="fig"}) show that, for loaded drugs, there were no endothermic peaks at the melting temperatures compared to SH (175ºC) and QR (320ºC). This observation confirms that most of the loaded prodrug is situated in the nanopores, and this confinement restricts their crystallization ([Figure 2A](#F0002){ref-type="fig"}). The DSC results in our study are consistent with other reports showing the potential to suppress the crystallization of amorphous drugs by enclosing them in MSNs.[@CIT0068],[@CIT0069] The DSC plots show some exothermic peaks at 290°C, which decrease as the prodrug loading increases. This may correspond to some surface reactions of the modified nanoparticles. For nanoformulations, a shoulder is seen at approximately 400°C, which may correspond to the gradual decomposition of the prodrug.

Simultaneous Thermal Analysis {#S0003-S2005}
-----------------------------

To further quantify the amount of prodrug loaded onto MSNs, we performed STA. We calculated the %wt. of -NH~2~ and the amount of prodrug based on weight loss ([Figure 3A](#F0003){ref-type="fig"} and [Table 2](#T0002){ref-type="table"}). The amount of aminopropyl-NH2 was 10.15wt%, indicating successful functionalization of nanoparticles with aminopropyl groups. The loading percentages were 3 wt.% for MSNs-NH~2~-SH, 22.45wt.% for MSNs-NH~2~-QR, and 24.41 wt% for MSNs-NH~2~-SH-QR. These results give clear evidence that the MSNs are suitable for encapsulating two or more drugs. The same type of the MSNs showed high loading capacity of prodrug of thymoquinone as drug delivery system for brain cancers.[@CIT0032]Figure 3STA, FTIR, and zeta potential measurements.**Notes:** STA analysis of nanoparticles, modified nanoparticles, nanoformulations, and combined nanoformulations (**A**). The thermal analysis of the dried powders was employed to detect the weight loss from materials (nanoparticles and prodrugs) at high-temperature condition. The dried powder of each sample was heated up to 800ºC leading to lose water content, organic compounds used in surface modification and loaded prodrugs. The MSNs are inorganic material which is stable at high temperature- this help to calculate the drug loading amount. The drug loading % in nanoformulations was calculated based on the weight loss between modified nanoparticles and after loading into nanoformulations. FTIR spectra of nanoparticles, modified nanoparticles, nanoformulations, combined nanoformulations, and pure prodrugs (**B**). Zeta potential measurements of materials in aqueous suspensions from acidic to alkaline (**C**).**Abbreviations:** STA, simultaneous thermal analysis; FTIR, Fourier transform infrared spectroscopy; MSNs, mesoporous silica nanoparticles; MSNs-NH~2~, MSNs modified amino groups; MSNs-NH~2~-SH, MSNs-NH~2~ loaded SH; MSNs-NH~2~-QR, MSNs-NH~2~ loaded QR; MSNs-NH~2~-SH-QR, MSNs-NH~2~ loaded SH and QR.

FTIR Characterization {#S0003-S2006}
---------------------

The functional groups detected by Fourier transmission infrared spectroscopy (FT-IR) are shown in [Figure 3B](#F0003){ref-type="fig"}. The siliceous framework is represented by the peaks observed at 1075, 960, 805, and 450 cm^−1^, in agreement with previous reports.[@CIT0070],[@CIT0071] Modification by amino groups in MSNs-NH~2~ leads to new peaks at 730 and 692 cm^−1^. Peaks at 1558 and 1486 cm^−1^ correspond to the -NH~2~ asymmetric bending[@CIT0072] and C-H asymmetric and symmetric bending vibrations,[@CIT0064] respectively. However, low loading of SH (MSNs-NH~2~-SH) leads to the appearance of the 948 cm^−1^ band. In the case of QR alone (MSNs-NH~2~-QR) or in combination (MSNs-NH~2~-SH-QR), several peaks were observed corresponding to QR. As a comparison, the spectra of SH and QR are presented in [[Figure S2](https://www.dovepress.com/get_supplementary_file.php?f=247692.pdf)]{.ul}. The results demonstrate successful loading with QR. The FTIR results of some peaks, as well as the XRD spectra, indicate that some QR remains on the surface of nanoparticles.

STA-FTIR Analysis {#S0003-S2007}
-----------------

As mentioned, our prodrugs are organic substances, and during decomposition of such organic compounds CO~2~ is the main gas evolved. As illustrated in Figure S3, STA-FTIR showed that the intensity of the CO~2~ peak (2200 cm^−1^) at 320°C was 0.14 absorbance units (AU) for MSNs. MSNs-NH~2~ had an intensity of0.15 AU of CO~2~ at a similar temperature (320°C). For MSNs-NH~2~-SH, the CO~2~ peak had similar AU as MSNs-NH~2~, which could be explained by the fact that SH loading was small (3wt%). A shift in CO~2~ evaporation to approximately 410ºC was observed. For MSNs-NH~2~-QR or MSNs-NH~2~-SH-QR, the CO~2~ peaks were characterized by 0.29 and 0.49 AU at 410°C. Generally, the loading of prodrugs onto MSNs led to a shift in the temperature, which may correspond to the decomposition of the prodrugs.

Surface Charge Properties of Nanoparticles and Nanoformulations {#S0003-S2008}
---------------------------------------------------------------

The surface charge property of MSMs, MSNs-NH~2~, and nanoformulations in aqueous solution is illustrated in [Figure 3C](#F0003){ref-type="fig"}. All samples had a positive zeta potential when exposed to an acidic pH from 2.5 to 5. With further increasing acidity towards the physiological pH (7.5), a low positive zeta potential was observed. This could be attributed to abundant silanol groups on nanoparticles. At pH 7.5, they became deprotonated and exhibited negative zeta potential, in agreement with previous results.[@CIT0073] An exception was the nanoparticles, which had negative zeta potential as expected. Further increasing pH towards alkaline (pH at 10 and 12.5) led to negative zeta potential. The highest negative zeta value was recorded for MSNs-NH~2~-SH-QR (−52.5 mV) at pH 10 and for MSNs-NH~2~-SH-QR and MSNs-NH~2~-SH (−52.8 mV) at pH 12.5. Up to a pH of 8, we observed modification of nanoparticles increasing the potential, with the addition of SH having no effect on the potential and loading with QR decreasing the potential. The data are in agreement with previous results for MSNs functionalized and loaded with drug molecules.[@CIT0074],[@CIT0075]

Antiviral Evaluations {#S0003-S2009}
---------------------

### Cytotoxicity Screening Studies {#S0003-S2009-S3001}

When exploring any antiviral therapy, the toxic effect of the used compounds/materials should be taken into consideration. Therefore, we evaluated the cytotoxicity of the MSNs and MSNs-NH~2~, all nanoformulations, and pure prodrugs. MSNs and MSNs-NH~2~ were almost not toxic for MCKD cells up to a nanoparticle dose of 50 µg/mL ([Figure 4A](#F0004){ref-type="fig"}). The toxic effect was dose-dependent, which is in agreement with a recent study.[@CIT0076] A 500 µg/mL nanoparticle dose resulted in cytotoxicity of 33.5±2.7% for MSNs and 52.4±10.1%for MSNs-NH~2~. Compared to MSNs, MSNs-NH~2~ decreased the viability of MCDK cells. We selected 50 µg/mL as a safe concentration for nanoparticles (MSNs and MSNs-NH~2~) in subsequent antiviral experiments because of the principle of antiviral assays that the tested compound should not inhibit 50% of host cells. For nanoformulations and prodrugs ([Figure 4B](#F0004){ref-type="fig"}), the cytotoxicity depended on the prodrug used. At a concentration of 150 µg/mL of prodrug, or equivalent amount of prodrug in nanoformulation, moderate toxicity was detected for MSNs-NH2-SH (\~65%), which may be due to low loading content and SH/QRmix2 (\~50%). At a concentration of 75 µg/mL, none of the tested samples decrease the cell viability to 50% or less. Therefore, for further studies, we selected the safe concentration of 75 µg/mL for prodrugs or equivalent amount in nanoformulations (the exception was MSNs-NH2-SH-QR2 contained 150 µg/mL) for subsequent antiviral studies.Figure 4Cytotoxicity of materials tested for cell viability by MTT assay in MDCK cells.**Notes:** As a function of nanoparticle and modified nanoparticle concentrations (**A**). As a function of prodrug and nanoformulation concentrations equal to pure prodrugs used alone (**B**). SH/QR mix2 (pure prodrug mixture) and MSNs-NH~2~-SH-QR2 are the same materials as SH/QR mix1 and MSNs-NH~2~-SH-QR1 but twice the amount -- see [Table 1](#T0001){ref-type="table"}. Antiviral activity against H5N1 virus (**C**). The safe concentration (equivalent to 75 µg/mL of free compound or found in nanoformulations) was used for all materials. The safe concentration used for unmodified and modified nanoparticles was 50 µg/mL. Data are presented as mean ± SD. \*Means significant differences at p \<0.05. The concentration for MSNs and MSNs-NH~2~ was directly made of prepared powder of both nanoparticles. The concentration used in nanoformulations of MSNs-NH~2~-SH, MSNs-NH~2~-QR, MSNs-NH~2~-SH-QR, and MSNs-NH~2~-SH-QR2 was calculated based on the prodrug loaded into nanoparticles as an equivalent to free prodrugs (SH, QR, SH/QR mix1, and SH/QR mix). The free prodrug concentration was normally made from the powder of pure prodrugs without any calculation.**Abbreviations:** MTT, cell proliferation assay; MDCK, Madin-Darby Canine Kidney cells; MSNs, mesoporous silica nanoparticles; MSNs-NH~2~, MSNs modified amino groups; MSNs-NH~2~-SH, MSNs-NH~2~ loaded SH; MSNs-NH~2~-QR, MSNs-NH~2~ loaded QR; MSNs-NH~2~-SH-QR1, MSNs-NH~2~ loaded SH and QR; MSNs-NH~2~-SH-QR2 was used in twice amount; SH/QR mix.1, mixture of SH and QR; SH/QR mix.2, mixture of SH and QR used in twice amount; SH pure, shikimic acid; QR pure, quercetin; SD, standard deviation.

### Inhibition of H5N1 Virus Titers Using Nanoformulations in vitro {#S0003-S2009-S3002}

The percentage reduction in the hemagglutination titer of all samples is shown in [Figure 4C](#F0004){ref-type="fig"} based on the percentage of reduction in virus control (no treatment). After 24 hpi, all tested samples exhibited full virus titer inhibition and no significant differences were found among them. Increasing the incubation time of infected cells and tested compounds resulted in a reduction of virus titer. For nanoparticles, MSNs and MSNs-NH~2~ inhibited virus titers to 17% and 7%, respectively. SH and QR exhibited weak titer inhibition equal to 14% and 15%, respectively. The mixed prodrugs exhibited higher titer inhibition than separate prodrugs: SH/QR mix.2 (28%) and SH/QR mix.1 (42%). For nanoformulations, MSNs-NH2-SH-QR2 exhibited nearly full inhibition of titers (\~98%), and MSNs-NH~2~-SH had a high inhibition effect of approximately 75%. MSNs-NH~2~-QR had a moderate effect of approximately 40%. Interestingly, MSNs-NH~2~-SH-QR2 had a strong effect (98% strong inhibition) compared to MSNs-NH~2~-SH-QR1.This effect is not attributable to prodrug action because the prodrug content is high, but to the amount of nanoparticles. Twice the amount of nanoparticles (the particles loaded with prodrug) leads to a twice stronger inhibition effect, as more nanoparticles are available to interact with virus in their inhibition. In contrast, doubling the SH-QR mixed prodrug concentration did not lead to a double inhibition effect. This observation shows the importance of using nanostructures for virus inhibition. The results hint at enhancing the interaction of objects of similar size (eg, nanoparticles and H5N1 virus, \~100 nm). Therefore, treatment of viral infections with nanoparticles should be different from that of cancer cells and bacteria, as they are micro-size and nanoparticles are simply drug carriers. In addition, only MSNs-NH~2~-SH-QR2 and MSNs-NH~2~-SH nanoformulations exhibited a significant effect (p\<0.05) compared to others, even 48 hpi. Therefore, the nanoformulations have the advantage of high inhibition of H5N1 virus for a long period after interaction. To confirm the obtained results, we tested the newly prepared compounds at different concentrations against different MOI of H5N1 virus. The results indicated that MSNs-NH~2~-SH nanoformulation exhibited full virus inhibition at concentrations ranged from 75 to 18.75 µg/mL at MOI=0.01 while at MOI=0.001 and 0.0001, it showed full inhibition till 9.3 µg/mL.MSNs-NH~2~-SH-QR2nanoformulation exhibited full inhibition of the H5N1 virus infection at concentration 150 and 75 µg/mL at different MOIs.

Notably, the difference in nanoformulation effects compared to prodrugs appeared 48 hpi only. This may be related to the nature of virus cycle events (ie, division and rapid replication of influenza virus), which is time dependent. These events occur between 24 and 48 hpi,[@CIT0077] and viruses produce several proteins for the replication process between 24 and 30 hpi. Thus, the prodrugs act efficiently during this period. Our results are in line with previous data related to the time effect and titer reduction.[@CIT0078] The strong activity of nanoformulations compared to nanoparticles and prodrugs was observed. Therefore, this approach by combining nanoparticles with drugs can be required compared to the common strategy that is followed by a combination of multiple antiviral drugs since it can be resulted in adverse drug reactions, and careful limitations should be taken into account.[@CIT0079] Furthermore, based on the virucidal effect discussed in the following sections, inactivating the virus structure can be affected through virion protein capsid destring its genome. So far, the viral particle integrity could also be affected.

### Inhibition of H5N1 Virus Plaque Formation During in vitro Tests with Nanoformulations {#S0003-S2009-S3003}

To further evaluate the antiviral action of the tested nanoformulations, we employed the plaque reduction assay, which is accepted as the gold standard for antiviral studies of viruses, such as influenza virus A.[@CIT0080] The plaque formation units (PFU) of H5N1for the infected MDCK cells in the presence of the used nanoparticles, prodrugs, and nanoformulations are shown in [Figure 5A](#F0005){ref-type="fig"}. MSNs inhibited 32±2% PFU 24 hpi compared to 16.6±1.15% by MSNs-NH~2~.Both can be considered non-significant effects. The difference in action of both nanoparticles is in agreement with recently published data in which the viral inhibition effect is associated with the interaction of virus with nanoparticles and the surface properties of silica nanoparticles.[@CIT0027] The difference in surface charge of nanoparticles seems to be the reason for the obtained differences. At physiological pH 7.4 ([Figure 3C](#F0003){ref-type="fig"}), MSNs have a negative charge compared to the positive charge of MSNs-NH~2~. This may lead to an electrostatic interaction between negative MSNs and positive amino acids of glycoproteins in the viral envelope, followed by a charge transfer between them.[@CIT0026]Figure 5Plaque reduction assay used to evaluate antiviral activity against H5N1 virus using MDCK cells.**Notes:** Nanoparticles, modified nanoparticles, prodrugs and their mixtures, nanoformulations, and combined nanoformulations with different post-time infection (**A**). The safe concentration (equivalent to 75 µg/mL of free compound or found in nanoformulations) was used for all materials. The safe concentration used for unmodified and modified nanoparticles was 50 µg/mL.IC50 for successful nanoformulations (**B**). a) MSNs-NH~2~-SH at 25, 50, and 75 µg/mL. b) MSNs-NH~2~-SH-QR2 at 50, 75, and 150 µg/mL. Data are presented as mean ± SD. \* Means significant differences at p \<0.05. The concentration for MSNs and MSNs-NH~2~ was directly made of prepared powder of both nanoparticles. The concentration used in nanoformulations of MSNs-NH~2~-SH, MSNs-NH~2~-QR, MSNs-NH~2~-SH-QR, and MSNs-NH~2~-SH-QR2 was calculated based on the prodrug loaded into nanoparticles as an equivalent to free prodrugs (SH, QR, SH/QR mix1, and SH/QR mix). The free prodrug concentration was normally made from the powder of pure prodrugs without any calculation.**Abbreviations:** MSNs, mesoporous silica nanoparticles; MSNs-NH~2~, MSNs modified amino groups; MSNs-NH~2~-SH, MSNs-NH~2~ loaded SH; MSNs-NH~2~-QR, MSNs-NH~2~ loaded QR; MSNs-NH~2~-SH-QR1, MSNs-NH~2~ loaded SH and QR; MSNs-NH~2~-SH-QR2 was used in twice amount; SH/QR mix.1, mixture of SH and QR; SH/QR mix.2, mixture of SH and QR used in twice amount; SH pure, shikimic acid; QR pure, quercetin; IC50, the half-maximal inhibitory concentration; SD, standard deviation.

For prodrugs, weaker effects were obtained. The percentage inhibition of virus titer was 24% for SH, 12% for QR, 11% for SH/QR mix1, and 14% for SH/QR mix1. The nanoformulations exhibited a strong inhibition effect in regards to PFU: 98.5±1.23% for MSNs-NH~2~-SH, 83.0±0.23% for MSNs-NH~2~-QR, and 95.2±0.3% for MSNs-NH~2~-SH-QR2. MSNs-NH~2~-SH-QR1 had a weaker effect (27%). MSNs-NH~2~-SH, MSNs-NH~2~-QR, and MSNs-NH~2~-SH-QR2 exhibited significantly stronger effects (p\<0.05) than all others used. Regarding the effect of a double amount of particles for MSNs-NH~2~-SH-QR2 compared to MSNs-NH~2~-SH-QR1, we observed enhanced inhibition of the number of PFU, a similar trend as with titer inhibition. Therefore, an increased concentration of nanoparticles in formulation induces a stronger effect of inhibition.

All prodrugs had a weaker effect that did not reach 15%. As far as nanoformulations are concerned, only MSNs-NH~2~-SH and MSNs-NH~2~-SH-QR2 significantly inhibited PFU at 48 hpi, to 100% and 93.9±1.2%, respectively, and a weaker effect was seen with MSNs-NH~2~-QR (14%) and MSNs-NH~2~-SH-QR1 (9%). The nanoparticles and prodrugs also exhibited weaker and negligible inhibition effects compared to MSNs-NH~2~-SH and MSNs-NH~2~-SH-QR2.

The plaque reduction assay is an accurate method due to the direct quantification of infectious viruses from in vitro cell culture.[@CIT0081] Therefore, the results are particularly relevant for assessing real antiviral effects compared to HI assay, which counts all dead and live plaques. A strong antiviral effect against H5N1 was found for the nanoformulations MSNs-NH~2~-SH and MSNs-NH~2~-SH-QR2.

It is known that the phenolic structure of SH results in several pharmacological effects, including antiviral, antioxidant, anticancer, and antibacterial.[@CIT0082] Additionally, regarding the role of prodrug, the antiviral effects of SH could be due to its phenolic chemical structure, as reported for anti-influenza natural prodrug substances with a phenolic structure from medicinal plants.[@CIT0083],[@CIT0084]

However, the nanoformulations were more efficient than SH in the free form. Also, the unloaded nanoparticles showed no antiviral effect. In particular, a significant inhibition of H5N1 virus by MSNs-NH~2~-SH was observed even at a small loading of 3 wt.%.

This may be attributed to the targeting effect, where the prodrug is directly transferred from the nanoformulation to the virus surface when they are in close contact. Mutual attraction of the virus and nanoformulation particle is plausible due to its interaction with capsid protein through carboxylic groups of SH molecules. Another factor contributing to attraction could be electrostatic effects, as nanoformulations had negative zeta potential (at basic pH condition) as shown in zeta potential results ([Figure 3C](#F0003){ref-type="fig"}).

The discussed below results address in more detail the main mechanism of MSNs-NH~2~-SH and MSNs-NH~2~-SH-QR2 action against H5N1 virus.

### The IC50 of Effective Nanoformulations {#S0003-S2009-S3004}

The results presented in [Figure 5B](#F0005){ref-type="fig"} show that MSNs-NH~2~-SH significantly inhibited PFU with all used concentrations, and the IC50 was 42.2 µg/mL. Full inhibition (100%) for PFU was obtained with 75 µg/mL. The IC50 value for MSNs-NH~2~-SH-QR2was72.3µg/mL. However, this nanoformulation reached only 86.5±0.5%with a nanoparticle concentration of 150 μg/mL compared to MSNs-NH~2~-SH. These findings confirm that SH-based nanoformulation has superior antiviral activity against the inhibition of A/duck/Egypt/Q5569D/2012 (H5N1) influenza virus compared to QR loaded in combination, even though a double amount of nanoparticles was used. Therefore, SH is highly recommended as a prodrug candidate for novel nanotherapeutic formulations against infectious diseases. For comparison with antiviral drug, testing the sensitivity of the H5N1 virus toward zanamivir showed that H5N1 virus was sensitive to zanamivir with IC50 \<1.66 µg/mL after 48 hpi.

### Mechanism of the Nanoformulation's Antiviral Action {#S0003-S2009-S3005}

The viral-infection stages (direct effect on virus or during replication after virus attaches to host cells or during adsorption to host cells) play an important role in targeting viruses.[@CIT0016],[@CIT0019],[@CIT0028],[@CIT0085] To investigate the underlying mechanism of the effective nanoformulations (MSNs-NH~2~-SH and MSNs-NH~2~-SH-QR2) action against H5N1 virus, three main possible antiviral mechanisms representing the viral-infection stages were considered. blocking access of the virus to the cells by blocking of the host cell receptor to hinder the initial step of infection, inhibiting the viral entry (viral adsorption);interference with intracellular viral replication (viral replication); anddirect inactivation of the viral particle (virucidal activity).

The above modes of actions could account for antiviral activities either independently or in combination.[@CIT0085] The experiments based on plaque reduction assay are a standard method to evaluate the mechanisms of viral action. This assay is done in three different ways to be able to estimate how the nanoformulations could affect the three viral-infection stages. The results are described in [Figure 6A](#F0006){ref-type="fig"} and a schematic representation of the virus inactivation mechanism is shown in [Figure 6B](#F0006){ref-type="fig"}.Figure 6Antiviral mechanisms of nanoformulations tested by plaque reduction assay.**Notes:** Plaque formation (white dots) appeared or disappeared in response to the tested mode of action of the nanoformulations (**A**). Left: virus control. Right: treated samples. Schematic representation of the antiviral mechanisms for effective nanoformulations (MSNs-NH~2~-SHand MSNs-NH~2~-SH-QR2) developed with mesoporous silica nanoparticles (**B**). a) Virucidal mechanism. b) Viral replication mechanism. c) Viral adsorption mechanism.**Abbreviations:** H5N1, high pathogenic avian influenza virus; MSNs, mesoporous silica nanoparticles; MSNs-NH~2~-SH, MSNs-NH~2~ loaded SH; MSNs-NH~2~-QR, MSNs-NH~2~ loaded QR; MSNs-NH~2~-SH-QR2, MSNs-NH~2~ loaded SH and QR and was used in twice amount; MDCK, Madin-Darby Canine Kidney cells.

Concerning the viral adsorption mechanism, when the virus was treated with MSNs-NH~2~-SH-QR2, a negligible reduction in plaque formation was detected. A small inhibition of plaques was found with MSNs-NH~2~-SH treatment, indicating that the latter nanoformulation reduces viral adsorption to MDCK cells to a certain extent ([Figure 6A](#F0006){ref-type="fig"}, a and b).

Regarding the suppression of the intracellular viral replication, H5N1 virus treated with MSNs-NH~2~-SH resulted in relatively small plaques compared to treatment with MSNs-NH~2~-SH-QR2. The formation of a small number of plaques compared to untreated control, especially in the case of MSNs-NH~2~-SH, indicating the possibility of inhibiting the virus via this mechanism to some extent ([Figure 6A](#F0006){ref-type="fig"}, [c](#F0006){ref-type="fig"} and [d](#F0006){ref-type="fig"}).

Concerning the viricidal mechanism (iii), no plaque formation confirms that the main action of both nanoformulations is virucidal activity ([Figure 6A](#F0006){ref-type="fig"}, e and f). The virucidal mechanism is probably due to direct and strong attraction between nanoformulations and the virus glycoproteins[@CIT0026] present on the surface of H5N1, thus sequestering it at early infection stages.

We assume that the nanoformulations antiviral effect against the H5N1 is caused by targeting the viruses, which leads to direct contact between the virus and nanoformulations particle, and as a consequence its inactivation. Thus, mechanism (iii) from the above mentioned is presumably active.

Direct interaction is facilitated by the fact that the nanoformulation particle and the virus are of similar size. Attraction and contact are presumably caused by the interaction between carboxylic groups (leading to negative charge of SH in nanoformulations) and amine groups of the glycoproteins (as HA) on the virus surface. The SH or QR molecules migrating from nanoformulation to the virus may effectively inhibit viral proteins and prevent penetration of the virus into the cells.

In this regard, the shikimic pathway is the key intermediate in the synthesis of oseltamivir phosphate, the FDA-approved drug known as Tamiflu^®^, an efficient NA enzyme inhibitor used in the treatment of influenza infection.[@CIT0086] Consequently, it prevents the virus from attaching to MDCK cells.[@CIT0016],[@CIT0020],[@CIT0028],[@CIT0087]

In conclusion, the main mechanism virucidal activity is probably a direct interaction of the nanoformulations with the H5N1 virus, which leads to its inactivation at early infection stages. This main effect may be accompanied by additional effects on viral replication and adsorption, especially for MSNs-NH~2~-SH. In future practical applications of such nanoformulations, they can be administered by means of oral or injection routes depending on the possible application of MSNs. This is in line with the practical application of antiviral drugs such as oseltamivir.

Immunomodulatory Evaluations {#S0003-S2010}
----------------------------

### Effects of Tested Materials on Lymphocyte Cell Viability {#S0003-S2010-S3001}

To perform immunological experiments, we initially assessed the effects of nanoparticles, prodrugs, and nanoformulations on lymphocyte cell viability ([Figure 7A](#F0007){ref-type="fig"}). At a concentration of 25 µg/mL, we found no differences between cells treated with nanoparticles, prodrugs, and nanoformulations. The cell viability was more than 96%. At a concentration of 50 µg/mL, decreased viability was observed for some treatments.Figure 7In vitro cytotoxicity evaluation immune cells and in vivo anti-inflammatory. Lymphocyte cell viability with nanoparticles, modified nanoparticles, prodrugs and their mixtures, nanoformulations, and combined nanoformulations (**A**). Lymphocyte index for nanoparticles, modified nanoparticles, prodrugs and their mixtures, nanoformulations, and combined nanoformulations (**B**). Anti-inflammatory activity in carrageenan-induced rats as the change in paw thickness (mm) (**C**). Data are expressed as mean ± SD. \*p\<0.05, medium significance (\*\*) and high significance (\*\*\*).**Abbreviations**: MSNs, mesoporous silica nanoparticles; MSNs-NH~2~, MSNs modified amino groups; MSNs-NH~2~-SH, MSNs-NH~2~ loaded SH; MSNs-NH~2~-QR, MSNs-NH~2~ loaded QR; MSNs-NH~2~-SH-QR1, MSNs-NH~2~ loaded SH and QR; MSNs-NH~2~-SH-QR2 was used in twice amount; SH/QR mix.1, mixture of SH and QR; SH/QR mix.2, mixture of SH and QR used in twice amount; SH pure, shikimic acid; QR pure, quercetin; IC50, the half-maximal inhibitory concentration; SD, standard deviation.

The cell viability was less for MSNs (90%) than MSNs-NH~2~ (98%). High viability was found for cells treated with SH (93%), QR (96%), and SH/QR mix.1 (94%), but a significantly lower viability was found for SH/QR mix.2 (70%). In addition, high viability was found with MSNs-NH~2~-SH (100%), MSNs-NH~2~-QR (100%), and MSNs-NH~2~-SH-QR1 (100%), but it decreased to 70% for MSNs-NH~2~-SH-QR2.

At a concentration of 100 µg/mL, significant differences were found between prodrugs and nanoformulations compared to nanoparticles. MSNs (92%) and MSNs-NH~2~ (100%) resulted in high viability compared to prodrugs and nanoformulations. MSNs-NH~2~-SH, MSNs-NH~2~-QR, and MSNs-NH~2~-SH-QR1 resulted in cell viability in the range of 70--80%. However, cells treated with MSNs-NH~2~-SH-QR2 had 53% viability. For prodrugs, viability was in the range of 60--80%. Again, SH/QR mix.2 demonstrated the strongest effect (58%).

The greatest cytotoxic effect was found when cells were treated with 100 µg/mL compared to 25 µg/mL and 50 µg/mL. Consequently, 25 µg/mL was selected as a safe dose for subsequent investigations. Our results for nanoparticles agree with results in human peripheral blood lymphocytes treated with silica nanoparticles in vitro.[@CIT0088],[@CIT0089]

### Effects of Nanoformulations on Lymphocyte Stimulation Index {#S0003-S2010-S3002}

The lymphocyte proliferative response to mitogen, expressed as the lymphocyte stimulation index (LSI), reflects the potential to enhance or inhibit cellular immunity in response to treatment. LSI ≤ 2.5 indicates suppression of lymphocyte proliferation, whereas LSI ≥ 2.5 indicates enhanced lymphocyte cell division. When lymphocytes are exposed to PHA as a stimulus (PHA-stimulated cells), it triggers high production of cytokines and other immunomodulators.[@CIT0090] We can perform tests to explore the effects of samples on the LSI ([Figure 7B](#F0007){ref-type="fig"}). At 12.5µg/mL, the nanoparticles did not show any significant differences from untreated control, with an LSI close to 2.5. Prodrugs showed different responses: SH and SH/QR mix.2 significantly suppressed the LSI to 2.2 ± 0.04 and 2.3 ± 0.04, respectively. QR and SH/QR mix.1 had results similar to the control.

Nanoformulations significantly (p\<0.05) suppressed the LSI (MSNs-NH~2~-SH, 2.3 ± 0.07; MSNs-NH~2~-QR, 2.4 ± 0.08; MSNs-NH2-SH-QR1, 1.9 ± 0.03; and MSNs-NH~2~-SH-QR2, 1.7±0.10). Interestingly, as the concentration increased to 50 µg/mL, significantly high suppression was observed when nanoformulations and prodrugs were used. The strongest suppression effect was found for nanoformulations, followed by prodrugs. The lowest inhibition of LSI was seen when cells were treated with MSNs-NH~2~-SH-QR2 (1.29 ± 0.28). These findings demonstrate that the LSI is concentration dependent. Our results are in line with the previous studies in which lymphocytes activated by PHA were used (eg, resveratrol[@CIT0091] and Yerba mate *Ilex paraguariensis*).[@CIT0092] As nanoformulations containing a concentration equivalent to 25 µg/mL of prodrug inhibited immune T lymphocyte proliferation, they have a beneficial effect as anti-inflammatory or immunomodulation factors, leading to the activation of different molecular signaling pathways in the development of diseases, such as autoimmune diseases, bacterial and viral infection, and cancers. This effect may be due to the drug carrier nanostructure of MSNs mediating the inhibition of lymphocytes[@CIT0093] and associated with the prodrug activities, such as antioxidant activity.[@CIT0094]

### Effect of Nanoformulations on LPS-Induced Nitric Oxide, TNF-α, and IL-1β Levels in vitro {#S0003-S2010-S3003}

The innate immune system includes phagocyte compartments (macrophages, neutrophils, and dendritic cells), proteins, and natural killer cells.[@CIT0095] The neutrophils produce the first defensive action against an attack in innate immunity, but the macrophages are most important for the activation of inflammatory responses.[@CIT0096] High amounts of various kinds of cytokines (eg, TNF-α, IL-1β, IL-6) and NO are secreted by macrophages. Thus, they play a crucial role in regulating immunopathological phenomena throughout the inflammation reactions for various diseases.

Several studies have demonstrated that a high concentration of TNF-α is detected after influenza A virus infection, suggesting a pivotal role in the pathogenesis of H5N1 disease.[@CIT0097],[@CIT0098] As presented in [Table 3](#T0003){ref-type="table"}, the treatment of LPS-stimulated murine peritoneal macrophages with 25 µg/mL of nanoformulation markedly inhibited the production of TNF-α compared to nanoparticles and prodrugs. Both MSNs (2388 ± 7 pg/mL) and MSNs-NH~2~ (2235 ± 39) had non-significant effects compared to LPS-stimulated macrophages (2316 ± 48pg/mL). However, the effects were significant for SH/QR mix.2 (1880 ± 20 pg/mL) and SH/QR mix.1 (2115 ± 40pg/mL), but SH and QR showed no significant effects. Interestingly, MSNs-NH~2~-SH-QR1 and MSNs-NH~2~-SH-QR2 had significantly (p\<0.05) stronger efficacy for inhibiting TNF-α secretion (pg/mL) in cells (1180 ± 13 and 1572± 22, respectively) compared to LPS-induced treatment. MSNs-NH~2~-SH exhibited a moderate inhibition effect (2025 ± 10 pg/mL), whereas MSNs-NH~2~-QR had no significant effect. Overall, the nanoformulations, especially MSNs-NH~2~-SH-QR2 and MSNs-NH~2~-SH-QR1, were the most significantly effective form for inhibiting TNF-α, providing strong evidence of their immunomodulatory impact.Table 3Inhibitory Effects of Combined Nanoformulations on Nitric Oxide (NO), TNF-α, and IL-1β After Stimulation with LPS in vitroInflammatory Stimulation and TreatmentNO (µM/mL)TNF-α (pg/mL)IL-1β (pg/mL)Control2.69 ± 0.03^i^10.3 ± 0.33^h^10.3 ± 0.33^h^LPS (inducer)30.21 ± 0.33^a^2315.84 ±47.68^abc^674.68 ± 5.43^a^MSNs30.7 ± 0.43^a^2387.66 ± 62.9^ab^671.27 ± 2.22^a^MSNs-NH~2~29.65 ± 0.27^a^2234.77 ± 38.74^c^663.44 ± 10.9^a^MSNs-NH~2~-SH22.3 ± 0.07^e^2025.17 ± 10.59^d^590.95 ± 2.12^d^MSNs-NH~2~-QR24.15 ± 0.06^c^2295.57 ± 8.77^bc^645.03 ± 1.75^b^MSNs-NH~2~-SH-QR116.78 ± 0.04^g^1571.66 ± 22.18^f^500.24 ± 4.44^f^MSNs-NH~2~-SH-QR214.76 ± 0.13^h^1180.55 ± 13.45^g^422.02 ± 2.69^g^SH Pure23.66 ± 0.19^cd^2223.92 ± 28.13^c^630.7 ± 5.63^b^QR Pure25.1 ± 0.17^b^2434.24 ± 24.68^a^672.76 ± 4.94^a^SH/QR mix.122.92 ± 0.28^de^2115.3 ± 40.34^d^608.97 ± 8.07^c^SH/QR mix.221.3 ± 0.14^f^1879.57 ± 20.06^e^561.83 ± 4.01^e^[^6][^7]

As shown in [Table 3](#T0003){ref-type="table"}, treatment with nanoparticles had a small effect on IL-1β concentrations compared to LPS-induced macrophages. For prodrugs, SH/QRmix2 had a greater effect than SH/QR mix1 and SH to reduce IL-1β concentrations compared to control LPS-induced macrophages. Alternatively, QR had no important effect on IL-1β.Nanoformulations significantly inhibited IL-1β secretion (MSNs-NH~2~-SH-QR2, 422 ± 3 pg/mL; MSNs-NH~2~-SH-QR1, 500 ± 4 pg/mL; LPS-induced macrophages, 2316 ± 5 pg/mL). MSNs-NH~2~-SH-QR2 and MSNs-NH~2~-SH-QR1 are potent IL-1β inhibitors, followed by MSNs-NH~2~-SH (591 ± 2 pg/mL) and MSNs-NH~2~-QR (645.0 ± 1.7pg/mL) as moderate inhibitors.

NO is an important messenger in the modulation of immune responses, as it is responsible for regulating macrophage cytotoxicity and contributes to its antiviral role.[@CIT0099],[@CIT0100] LPS can significantly enhance the levels of nitrite, which is considered a stable oxidized form of NO in medium.[@CIT0101] Treatment of LPS-stimulated cells with nanoparticles, prodrugs, and nanoformulations resulted in different effects ([Table 3](#T0003){ref-type="table"}). MSNs and MSNs-NH~2~ did not significantly inhibit NO. In contrast, prodrugs significantly reduced NO concentrations in LPS-stimulated cells as follows: SH/QR mix 2 \>, SH/QR mix 1 \>, SH \> QR. As expected, the nanoformulations also significantly inhibited NO; MSNs-NH~2~-SH-QR2 (14.76 ± 0.13 µM/mL) and MSNs-NH~2~-SH-QR1 (16.78 ± 0.04 µM/mL) were particularly strong inhibitors of NO compared to LPS-stimulated macrophages (30.2 ± 0.3 µM/mL), followed by MSNs-NH~2~-SH (22.3 ± 0.07 µM/mL) and MSNs-NH~2~-QR (24.15 ± 0.06 µM/mL) with moderate action.

These findings confirm that the treatment of macrophages with nanoparticles does not modulate cytokine (TNF-α and IL-1β) and NO production compared to LPS-stimulated macrophages. They have a similar effect as LPS-stimulated cells. Prodrugs had a moderate inhibitory effect, especially with SH/QR mix.2. SH seems to be a stronger inhibitor than QR. However, they still are not adequate to modulate the three examined parameters. The nanoformulations, especially MSNs-NH~2~-SH-QR2 and MSNs-NH~2~-SH-QR1, exert a strong inhibitory effect on the secretion of TNF-α, IL-1β, and NO in LPS-stimulated macrophages. Consequently, this desirable effect depends on SH and QR being carried by nanoparticles.

It seems that the mechanism by which the nanoformulations modulate inflammatory mediators within immune cells is complex. As the nanoformulation consists of prodrugs and nanoparticles, one can expect that there are two possible mechanisms, one related to the prodrug effect and one related to the nanoparticle effect. Regarding the prodrug effect, for SH-treated LPS-induced macrophages in vitro and in vivo, suppression of NO, TNF-α, and IL-1β occurs through the ERK 1/2 and p38 phosphorylation pathway.[@CIT0102] Their down-regulation by SH can be through inhibition of nuclear factor-kappa B (NF-κB) via the phosphorylation of signaling proteins in the mitogen-activated protein kinase (MAPK) family.[@CIT0103] As regulatory signaling, the MAPK cascade (including ERK, c-Jun N-terminal kinases (JNKs), and p38 phosphorylation) is accountable for various functions in macrophages.[@CIT0104] Inhibition of the MAPK pathway by different inhibitors results in block release and prevents the action of inflammatory cytokines, including TNF-αand IL-1β,[@CIT0105] as well as the synthesis of NO. Several studies have indicated the capacity of QR to modulate pro-inflammatory cytokines and NO in LPS-stimulated macrophages through the MAPK and NF-κB pathways and other pathways.[@CIT0106],[@CIT0107]

Concerning the nanoparticle effect, depending on their unique physicochemical characteristics, nanoparticles interact with immune cells and proteins, causing stimulation or suppression of the innate immune responses.[@CIT0108] In this context, some studies have indicated that nanoformulations largely enhance suppression of pro-inflammatory cytokines and NO, comparable to drugs evaluated in LPS-stimulated macrophages.[@CIT0105],[@CIT0109] We think the superior results for our nanoformulations provide evidence that their immunomodulation/anti-inflammatory actions occur through the MAPK signaling pathway; consequently, they would play critical roles in targeted inflammatory diseases.

At the same time, we propose an indirect link between the immunomodulatory effect and the results of the inhibition of H5N1 virus. Several previous studies have shown the relationship between the immunomodulation effect and virus inhibition.[@CIT0042]--[@CIT0046]

### Anti-Inflammatory Effect of Combined Nanoformulations in vivo {#S0003-S2010-S3004}

We confirmed the anti-inflammatory effects described above using an animal model of inflammation induced by carrageenan in the paws of rats. This is a well-known model used in the development of anti-inflammatory drugs. We selected the effective nanoformulation (MSNs-NH~2~-SH-QR2) and compared it to MSNs, mixed pure prodrugs, and standard drugs used in therapy (indomethacin). As shown in [Figure 7C](#F0007){ref-type="fig"}, treatment with mixed SH-QR2, MSNs-NH~2~-SH-QR2, and indomethacin significantly (p\<0.05) reduced the paw thickness at 1 h to 1.8 ± 0.17 mm, 1.6± 0.07 mm, and 1.10 ± 0.1 mm, respectively, compared to 2.2 ± 0.1 mm and 2.27 ± 0.06 mm for controls and MSNs. In addition, SH/QR mix.2 and MSNs-NH~2~-SH-QR2 had similar efficacy in reducing paw edema at 1 h, but MSNs-NH~2~-SH-QR2 had an enhanced effect at 4 h and 24 h compared to SH-QR2. Furthermore, indomethacin had a superior capacity to suppress inflammation-induced paw swelling compared to MSNs-NH~2~-SH-QR2 at early time points (1 h and 4 h), but had almost similar anti-inflammatory properties to MSNs-NH~2~-SH-QR2 at 24 h ([Figure 7C](#F0007){ref-type="fig"}). The observed delayed reduction in paw edema by MSNs-SH-QR2 could possibly be due to the slow release of SH and QR from MSNs. Another possibility is the enhancement of the solubility and bioavailability of prodrugs in nanoformulations compared to pure mixed compounds.

These findings indicate that MSNs-NH~2~-SH-QR2 is more effective over a long period of time than the pure mixed prodrugs of SH-QR2 and indomethacin. The enhanced efficacy of MSNs-NH~2~-SH-QR2 in vivo is in agreement with results obtained from in vitro studies, which suggests that inhibition of inflammation-induced paw edema could be attributed to down-regulation of pro-inflammatory cytokine and NO levels. MSNs-NH~2~-SH-QR2 modulates immune responses and may find its application as an anti-inflammatory agent to replace synthetic drugs, such as indomethacin, in the near future. Our results are consistent with previous studies investigating nanoscale preparations and pure forms of drugs/bioactive compounds in carrageenan-induced inflammation in Wistar rats when treated with α-tocopheryl polyethylene glycol 1000 succinate-stabilized curcumin nanoparticles,[@CIT0110] and dexamethasone drug loaded in a lipid nanostructure carrier.[@CIT0111]

Conclusions {#S0004}
===========

For the first time, we propose an effective antiviral-targeted nanoformulation where natural prodrugs inactivate avian influenza virus H5N1. The nanoformulation consist of mesoporous silica nanospheres (MSN) functionalized with amine groups (NH~2~) and loaded with shikimic acid (SH) or quercetin (QR) prodrugs. The nanoformulations displayed both an antiviral and anti-inflammatory effect.

MSNs-NH~2~-SH and MSNs-NH~2~-SH-QR2 cause full inhibition of both virus titers and plaque formation 48 hpi. The nanoparticles and prodrugs alone are less efficient as antiviral formulations than the drug-loaded mesospheres. The effect depends on the concentration of nanoparticles in the nanoformulation. SH was particularly efficient in fighting the virus, even for low loading into MSNs, compared to QR. MSNs-NH~2~-SH and MSNs-NH~2~-SH-QR2 displayed a stronger antiviral effect. The main mechanism of antiviral action of the nanoformulations against H5N1 was through direct interaction between the virus and nanoparticles, which inactivates the virus at early stages.

MSNs-NH~2~-SH-QR2 followed by MSNs-NH~2~-SH has the strongest inhibitory effect on inflammatory modulators NO, TNF-α, and IL-1β, reducing them to more than 50% of their concentration in immune macrophages. The efficient modulatory effect results in superior anti-inflammatory activity in an in vivo animal model. Loading of two prodrugs into MSNs opens the way towards multidrug-hold nanoformulations for novel nanotherapeutic applications.

The proposed nanoformulations against avian H5N1 virus could effectively act as novel antiviral agents through direct (virucidal mechanism) and indirect (immunomodulatory effects) pathways. First preliminary results have been obtained towards the development of a novel therapy of influenza infections, as well as anti-inflammatory nanotherapy.
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[^1]: AMM Salman passed away on June 3, 2019

[^2]: **Notes:** Nanoformulation means the prodrug(s) loaded with MSNs.

[^3]: **Abbreviations:** MSNs, mesoporous silica nanoparticles; MSNs-NH~2~, MSNs modified amino groups; MSNs-NH~2~-SH, MSNs-NH~2~ loaded SH; MSNs-NH~2~-QR, MSNs-NH~2~ loaded QR; MSNs-NH~2~-SH-QR1, MSNs-NH~2~ loaded SH and QR; MSNs-NH~2~-SH-QR2 was used in twice amount; SH/QR mix.1, mixture of SH and QR; SH/QR mix.2, mixture of SH and QR used in twice amount; SH pure, shikimic acid; QR pure, quercetin.

[^4]: **Notes:** ^a^Pore volume from nitrogen adsorption measurements; ^b^mean size distribution measurements by means of NTA; ^c^amount of C and N was calculated from the elemental analysis by EDS. ^d^Drug loading content was calculated by means of weight loss from thermogravimetric analysis: SH wt.%=MSNs-NH~2~-SH -- MSNs-NH~2~\*100; QR wt.% =MSNs-NH~2~-QR -- MSNs-NH2\*100; and SH-QR wt.% =MSNs-NH~2~-SH-QR -- MSNs-NH~2~\*100.

[^5]: **Abbreviations:** ^S^BET, specific surface area measured by Brunauer-Emmett-Teller; EDS, energy dispersive X-Ray spectroscopy; NTA, nanoparticle tracking analysis; MSNs, mesoporous silica nanoparticles; MSNs-NH~2~, MSNs modified amino groups;MSNs-NH~2~-SH, MSNs-NH~2~ loaded SH; MSNs-NH~2~-QR, MSNs-NH~2~loaded QR; MSNs-NH~2~-SH-QR, MSNs-NH~2~ loaded SH and QR; SH, shikimic acid; QR, quercetin.

[^6]: **Notes:** Different letters in the same column indicate significant differences in the reduction of cytokine and NO levels according to post hoc Fisher Duncan test (p\<0.05). Data are expressed as mean ± SD.

[^7]: **Abbreviations:** NO, nitric oxide; TNF-α, tumor necrosis factor-alpha; IL-1β, cytokines interleukin; LPS, lipopolysaccharide; MSNs, mesoporous silica nanoparticles; MSNs-NH~2~, MSNs modified amino groups; MSNs-NH~2~-SH, MSNs-NH~2~ loaded SH; MSNs-NH~2~-QR, MSNs-NH~2~ loaded QR; MSNs-NH~2~-SH-QR1, MSNs-NH~2~ loaded SH and QR; MSNs-NH~2~-SH-QR2 was used in twice amount; SH/QR mix.1, mixture of SH and QR; SH/QR mix.2, mixture of SH and QR used in twice amount; SH pure, shikimic acid; QR pure, quercetin.
